a b s t r a c t CERN's compact linear collider CLIC requires crab cavities on opposing linacs to rotate bunches of particles into alignment at the interaction point (IP). These cavities are located approximately 25 metres either side of the IP. The luminosity target requires synchronisation of their RF phases to better than 5 fs r.m.s. This is to be achieved by powering both cavities from one high power RF source, splitting the power and delivering it along two waveguide paths that are controlled to be identical in length to within a micrometre. The waveguide will be operated as an interferometer. A high power phase shifter for adjusting path lengths has been successfully developed and operated in an interferometer. The synchronisation target has been achieved in a low power prototype system.
Introduction
Designs for CERN's compact linear collider CLIC [1] have electrons and positrons colliding with centre of mass energies between 280 GeV and 3 TeV. Interacting beams will have a crossing angle of = 0.02 radians. For the 3 TeV centre of mass design, bunches have vertical and horizontal beam sizes at the interaction point before the pinch of = 1 nm and = 45 nm respectively and a bunch length of = 44 μm. The slender profile of the bunches at the interaction point (IP) means that if they retain their crossing angle at the IP then luminosity will be reduced to just 10% of what could be obtained when the bunches are sheared into alignment with a dependent transverse displacement. Crab cavities placed in the beam delivery lines before the IP deliver dependent transverse momentum leading to bunch alignment at the IP [2] . Linear collider crab cavities are placed before the final focus quadrupoles and in a region of high β [3] . If the phase of a crab cavity is not exactly 90 • from the phase of maximum possible deflection then the bunch receives a shear (or pseudo rotation) about a point that is not its geometrical centre resulting in an average deflection at the IP. If two bunches that should collide have differing average deflections then their axial centres miss each other at the IP. If the two crab cavities on opposing linacs are synchronised to each other but bunch arrival times vary independently by a small amount, then the bunches still collide head on but at a point that is transversely and longitudinally * Corresponding author at: Lancaster University, Lancaster, LA1 4YW, United Kingdom.
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displaced; the transverse displacement from the IP becomes identical for the two bunches at the instant they collide [4] . Crab cavities are applicable to circular colliders as well as linear colliders [5] [6] [7] . It should be noted that for the LHC Hi-Luminosity upgrade which will use crabs cavities, synchronisation is not critical as bunches are much wider and the crossing angle is much smaller than those needed for CLIC. The operation of a Crab cavity in a circular machine has been demonstrated at KEKB [8] .
Not including vertical offsets and bunch pseudo-rotation errors then (1) determines the maximum allowable r.m.s. cavity to cavity phasing error Δϕ rms as a function luminosity reduction factor rms , where f is the RF frequency. The target rms value for the crab cavities is 0.98. For 12 GHz RF (1) gives the maximum acceptable cavity to cavity phase error as 0.019 degrees which corresponds to 4.4 fs.
This paper proposes the operation of an interferometer inside the high power waveguide that distributes power to the crab cavities. This allows accurate synchronisation to be maintained. Key aspects of the interferometer are a means of measuring phase difference between reflected signals with an accuracy of 10 milli-degrees on a timescale less than that where the waveguide might move by such an amount and the development of a high power phase shifter. This paper demonstrates the interferometer concept with a prototype system. Section 2 discusses the powering of the crab cavities for CLIC. Section 3 discusses waveguide distribution options. Section 4 describes an implementation of a waveguide interferometer at CLIC. Section 5 describes the development of a high power phase shifter and its actuation. Section 6 describes how phase difference is measured and describes the experiment to test feasibility. Section 7 describes operation of the controller giving results for optimisation. Section 8 gives results from stabilisation tests.
CLIC RF layout
The CLIC crab cavities require multi-MW X-band RF pulses at 11.9942 GHz lasting at least 156 ns and repeated at 50 Hz. This could be provided either by klystrons or by a drive beam and PET structures [1] . The beam delivery system for CLIC will be several kilometres in length and hence the drive beam for the main linac is not easily made available near the IP. In addition, phase jitter generated in the PET structures is currently too large for the phase synchronisation target to be met [9] . Klystrons have phase jitter on their output coming from modulator ripple. Whilst in principle this can be corrected, the difficulty of making an accurate phase measurement and correcting phase on a timescale much less than 156 ns looks insurmountable. The proposed solution is to split power from a RF single source to drive crab cavities on each linac. The RF source might be a single 50 MW XL5 klystron [10] or power combined from multiple smaller klystrons [11] . This is similar to the proposal for synchronising the NLC crab cavities [12] . When one source drives both cavities and it takes the same time for the power to propagate from the klystron to each crab cavity then phase jitter arising from the klystron is identical for each. This means that positron and electron deflection arising from klystron jitter are identical and luminosity is maintained. If the RF length of the two paths from the klystron to crab cavities on the two linacs varies, then one phase moves with respect to the other, deflections of the beams differ and luminosity is lost. Importantly the RF path lengths from the klystron to the two cavities must be kept equal. Fig. 1 shows the layout of the CLIC interaction region with 2 detector caverns. The klystron for the crab cavities is likely to be positioned at the back of one of the caverns in a bunker. The crab cavities are in the tunnel 23.4 m from the IP. The shortest distance from a possible location for the klystron to a crab cavity on the linac assuming 9 m of height change is 51 m.
As waveguides will be subject to vibration and temperature change then they will contribute to phase errors between the crab cavities. For this reason one wants to keep the waveguide length after the division taking power to individual cavities as short as practical. The most straightforward layout is to split the waveguide and hence the power on the side of a detector cavern closest to the beamline. The waveguide split needs to be central so that phase fluctuations arrive at the two cavities at the same instant. The split will need to be above the moveable wall which is at least 9 m above the beamline. Waveguide must be taken through bore holes to the crab cavities. The distance from the split to the cavity, following the waveguide, as shown in Fig. 1 will be approximately 35 m.
For a waveguide group velocity of 2.5 × 10 8 (Rectangular waveguide WR90 TE01) then the energy for the 156 ns RF pulse that will pass through the crab cavity occupies a length in the waveguide of 39 m. This means that the energy that will maintain the field in the cavity while the bunch train is passing has been completely determined before anything can be known about the cavity phase at the location of the klystron. The length of the waveguide also means that one does not need to worry about reflections from one crab cavity influencing the other crab cavity. The waveguide from the klystron to the splitter would be optimised for low loss whilst the waveguide from the splitter to the cavities must be optimised for phase stability. 
RF system and waveguide distribution
Temperature, pressure and potentially ground motion and vibration affect the phase velocity of RF propagating in a waveguide by changing its physical dimensions. Dimensional stability depends on the choice of waveguide. The expansion coefficient of copper is 17 ppm/K. Power loss during transmission is also an important consideration when choosing the waveguide. Table 1 gives variation in phase transit times for 35 m of copper and copper coated INOVAR ® waveguide following a temperature change 0.3 • C. This is a realistic limit on the degree of temperature control available in the tunnel.
Standard WR90 and other rectangular waveguides are least sensitive to temperature variations, carry the fewest modes, but have high transmission losses. Cylindrical waveguides have much lower losses when propagating the low loss TE01 mode, but have higher sensitivity to temperature variation. Multiple modes and hence potential mode conversion is an issue for the low loss transmission options. Unwanted modes travel at different phase velocities to the main mode. These modes then reach the cavity with a different phase and if they transfer energy into the cavity then a phase error is incurred.
Thermal expansion can be reduced by enclosing the waveguide in a thermal jacket containing a high heat capacity material or one at its liquidus temperature so that heat is absorbed with minimal temperature rise. Another solution is to use controlled expansion alloys such as INVAR (α = 1.2 ppm/K), INOVAR ® (α = 0.65 ppm/K) and INOVCO ® ( = 0.55 ppm/K) where is the thermal expansion coefficient. These alloys have a high electrical resistivity ∼ 8 × 10 −7 Ωm so would need to be coated with copper or silver. Whilst the use of controlled expansion alloys will almost negate the effect of temperature variation, it will not negate movement from other causes such as tides and vibration.
CLIC crab cavity synchronisation scheme
In order to synchronise RF power to the CLIC crab cavities, continuous active control of the RF path length to each cavity from where power is split is expected to be necessary. The RF path length must be measured and adjusted at the micrometre level. A method to do this is by running an RF interferometer in the waveguide. We have been unable to identify literature on waveguide stabilisation with a microwave interferometer. There is however considerable literature on microwave interferometry and recent literature on measuring and cancelling phase noise from oscillators [13] .
A frequency must be chosen for our interferometer that propagates as a single mode in the waveguide with no conversion to other modes and that is reflected by the crab cavities. A crab cavity prototype that meets CLIC requirements have been developed and tested [14] [15] [16] . This crab cavity has 95% reflectance below 11.902 GHz [17] . Note that if 24.8 mm × 14.4 mm rectangular waveguide (row 2 of Table 1 ) is used then the unwanted mode is a TE01. Using well designed waveguide components conversion from rectangular TE10 to rectangular TE01 will be sufficiently small for errors to be negligible. Power estimation will be based on this waveguide. The CLIC bunch train repetition frequency allows a 20 ms time period for interferometric measurements. Reflected power from the crab cavities for the main RF pulse at 11.9942 GHz needs to be of a similar magnitude to that reflected at the chosen interferometer frequency so that the phase measurement electronics does not saturate and accurate measurements can be made using reflections at both frequencies. The main pulse RF requirement is 12 MW at a crab cavity hence assuming 57.5% waveguide transmission, 20.9 MW must leave the splitter on each arm. With -40 dB reflection at the cavity, 690 W returns to the splitter.
The RF power source for the interferometer must be separate from the RF power source for the main pulse to satisfy differing power requirements, frequencies and repletion rates. A straightforward method to introduce power into the waveguide arms from two sources whilst providing mutual isolation is using a Magic Tee. The main source is placed on the sum-port so that the cavities are driven in phase, the interferometer source is therefore placed on the delta-port.
Critical aspects of the interferometer development are the development of a high power phase shifter and a method for high precision phase measurement. Control requirements depend on anticipated disturbances to the waveguide path. To achieve 10 milli-degree precision on phase measurements, noise calculations indicate that pulse lengths considerably longer than 156 ns are required. In order to track movement of the waveguide at frequencies of a few tens of Hz the source for the interferometer can be pulsed at a few kHz. A suitable source for the interferometer would be a klystron or TWT delivering 5 kW pulses of duration 10 μs with a high repetition rate.
High power phase shifter design and actuation
Section 3 considered Copper and Inovar waveguide for the CLIC power distribution. Copper waveguide is the preferred choice as copper plated Inovar waveguide is not commercially available nor has it been evaluated for high power X band systems. Table 1 indicates that when using rectangular copper waveguide active phase correction would need to have a range of at least 700 fs. At 12 GHz this corresponds to a phase correction of 3 degrees.
The prototype phase shifter developed for the interferometer is based on a quadrature 3 dB hybrid coupler with moving shorts on the ports that have 3 dB couplings to the input. The phase of the transmitted signal to the 4th port depends on the position of the moveable shorts. The prototype uses WR90 waveguide dimensions. The phase velocity in the waveguide is 3.58×10 8 ms −1 hence to gain 3 degrees the waveguide path must be increased by 0.25 mm requiring the short to move by half the path length increment (0.125 mm). The internal design of the coupler is shown in Fig. 2 . Ports are orientated so that the moveable short falls vertically with minimal friction and the output is in line with the input.
The electromagnetic design of the phase shifter was optimised to give S11 below 50 dB at the high power frequency of 11.994 GHz and below 29 dB at the frequency planned for the interferometer. Reflection gives rise to systematic phase measurement errors. These are minimised by placing the phase shifter at a location along the waveguide where reflections from the crab cavities are in phase or antiphase with reflections from the phase shifter. By placing identical phase shifters on each arm of the waveguide distribution system then phase difference is measured correctly even when reflections do not perfectly cancel. Fig. 3 gives calculated S11 for the phase shifter over the range of piston positions. An issue with the design is that the reflection has a small dependency on piston position. Work to improve the phase shifter design is ongoing. The current design meets all the requirements of the tests described to validate the concept.
The actuator driving the phase shifter has to correct the phase of the transmitted power in response to dimensional changes in the waveguide. The likely frequency spectrum of waveguide fluctuations in a real environment is unknown. It is anticipated that there may be a requirement to respond to fluctuations with frequencies up to a few hundred Hertz and this defined the requirement for actuation in the prototype. The actuation device selected was a Noliac NAC2022-H100 piezo-electric stack with the following specification, Piezoelectric stacks are capable of very high accelerations. Their internal mass then gives rise to large internal dynamic forces. Added mass at the free end increases these internal forces. The chosen stack has its piezo-electric elements bonded with glue hence is limited with respect to internal tension. A pre-load is applied so that dynamic forces do not pull the stack apart. Key design features for the actuation system are, the ability to apply a pre-load, no lateral forces on the stack, additional mechanical adjustment of the phase beyond the piezo-electric actuator range, a light moveable short and vacuum sealability. The piezo-electric actuator is outside the intended vacuum region. It pushes on a circular piston that is attached to the moveable short. The design allows a diaphragm between the top of the piston and the cylinder through which it moves. Shims were positioned under the spring so the moveable short would be at a location for minimum reflection when the chosen pre-load was set. The mechanical design is shown in Fig. 2 . The pre-load was set at 1 kN potentially allowing operation at up to 1 kHz with full displacement. Pre-load reduces the range slightly to 0.160 mm, this corresponds to a phase adjustment of 3.86 degrees and a timing adjustment of 894 fs. The actual maximum frequency of operation for the prototype system was less than 1 kHz as the piezo actuator had not been bonded to the waveguide shorting piston in case any modifications were required. The amplifier used for the piezo-electric stack was a PX200 manufactured by PiezoDrive pty. Ltd. based in Australia. Its full power bandwidth is 55 kHz, its maximum output voltage is 200 V and it can deliver a current of 1.5 A continuously or a peak of 8 A for single step response. This maximum current limits the full scale response of the system to 0.5 milli-seconds. The maximum rate for the actuation system is therefore nominally 7960 degrees per second. The maximum voltage output corresponds to the maximum displacement of the actuator hence actuation is 19.3 milli-degrees per Volt. Amplifier noise is less than 0.26 mV r.m.s. for the 19.4 uF load hence the amplifier contributes just 5 micro-degrees of noise into the waveguide. A complexity with the control of piezo-actuators is that they exhibit hysteresis. Actuator hysteresis is plotted in Fig. 4 for several cycles with an applied voltage between 2 V and 180 V. The hysteresis curves indicate that a particular voltage could give arbitrary phase shifts varying by as much as half a degree depending on the voltage history. The figure also shows that on any cycle the change in phase with voltage is not identical. Consequences of this are seen in Section 7.
Phase measurement
The interferometer must utilise a magic tee so that power can be split equally into the waveguide arms from two sources. Use of a magic tee allows phase to be determined from the power that returns on the alternative port to where the power was launched. As the low power interferometer launches on the Delta port the corresponding measurement is made on the Sum port. A fundamental difficulty with just using this measurement is that power to the alternative port depends on the amplitude difference of the returning power as well as the phase difference. In order to sample return power on each arm of the interferometer, directional couplers are positioned either side of the magic tee. This allows additional phase measurements as well as amplitude measurements. The scheme adopted is shown in Fig. 5 .
Output from the two directional couplers are taken to a custom printed circuit board (PCB) with three Mini-circuits SIM-24MH+ double balanced mixers. The PCB has tightly controlled dimensions to ensure that multiple reflections, combine in phase or in anti-phase avoiding systematic errors. Each signal is split with half getting mixed to DC and half getting down converted to an intermediate frequency (IF) . Direct digitally sampling (DDS) of the IF signals is used to obtain amplitude and phase of the reflected power propagating in the two arms of the interferometer. Mixing to DC gives one additional phase measurement. The amplitude measurement at the magic tee is made by direct digital sampling of a down converted signal taken from the magic tee. The adopted scheme allows three separate phase measurements to be made, one derived from the amplitude at the magic tee, one from mixing to DC and the third from the difference of the phases measured at the directional couplers by direct digital sampling of the IF. Measurement of amplitude and phase by DDS is the now standard technique for accelerator LLRF systems [18, 19] . A National Instruments PXI system with a NI5734 digitizer was selected for the direct digital sampling. Its ADC performs 16-bit conversion on 4 channels with a maximum rate of 120 MSPS giving a sampling interval Δ = 8.33 ns. The CLIC frequency is 11.994 GHz, the nearest suitable frequency for the low power interferometer is 11.902 GHz hence by using 11.948 GHz for the Local Oscillator (LO) then the same LO can be used for measurements at the two frequencies (one for high power and the other for low power). The down converted IF used is = 46 MHz. The LO oscillator could have been chosen with a lower frequency however good performance was obtained at this frequency relative to lower frequencies. Low pass filtering with a Mini-circuits LPF-B50+ is applied to all signals after mixing. This filter gives 68 dB of attenuation at 71 MHz and above. High pass filtering is required on the phase board to isolate the DC mixer from IF generated at the down converting mixers.
The chosen IF frequency of 46 MHz together with the sampling rate of 120 MSPS dictates that asynchronous conversion is required. In order to perform quadrature sampling then a sampling rate of 4 × 46 = 184 MSPS would have been required. Asynchronous sampling with averaging can remove certain systematic errors that occur with quadrature sampling [20] . Amplitude is recovered from the sampled signal using = 0.5
where ( ) is the th voltage that is sampled. Phase with respect to the ADC clock is recovered using
Asynchronous sampling has a higher computational overhead than quadrature sampling. Pulsing provides sufficient time for the processing of data.
The RF and LO frequencies were generated with SG6000LD oscillators made by DS Instruments, USA. They are locked together with a 10 MHz reference. These oscillators have a modest phase noise specification. As a phase difference is being measured between two passive arms on an interferometer one might expect phase noise from the sources to cancel. Unfortunately this only applies to the DC measurement made with the DBM. Formulae (2) and (3) for the amplitude and phase involve the phase advance between samples determined as Δ. If there are unwanted frequencies in the oscillator spectrum near the IF frequency, then is not perfectly steady. As the noise is unknown then is taken as constant to perform the calculation hence phase noise from the oscillator affects the measurement. It affects it in a manner that does not cancel if sequential voltages measured on the two arms are different. The effects of oscillator noise on the IF, DDS measurement can be greatly reduced by adjusting the relative path lengths either after the Wilkinson splitters at the RF frequency or after the down conversion mixers at the IF frequency so that the IF phase difference measured at the PXI crate is close to zero.
Digital sampling allows IF phase measurements on a range of 360 • . The effective number of bits (ENOB) [21] for the NI5734 when sampling at 120 MSPS is close to 13. The ENOB is related to the signal to noise performance of the ADC, a 16 bit ADC will have a linearity to match its resolution so that accuracy can be recovered by averaging. Expected ADC clock jitter is ∼250 fs r.m.s. After mixing to IF and filtering, the digital range after sampling was near to 30 000. Inserting these error terms in (3) with a phase difference of 1 degree one expects r.m.s. errors on the IF phase to be about 25 milli-degrees. Actual sampled data is shown in Fig. 6 . Amplitude and phase are computed every 8.33ns for 1023 sequential measurements. Sets of measurements are repeated at 1 kHz. From Fig. 6 r.m.s. noise on the IF measurement over nine sequential datasets can be determined to be 110 milli-degrees. This is considerably worse than expected simply from ADC performance. The noise level is about twice the thermal noise at 300 K for a bandwidth of 12 GHz.
The magic tee and DC measurements of phase require correction for mean and differential amplitude fluctuations.
From consideration of the S matrix for a perfect magic tee it is can be shown that the peak amplitude of the wave exiting the magic tee is expected to be of the form
where 1 and 1 are amplitudes and phases of the waves returning on the arms of the interferometer, x accounts for asymmetry in the directional couplers and the magic tee. The coefficient is a gain coefficient associated with a power measurement. Specifically and 1 have been measured from signals exiting the directional couplers averaged over all 1023 data points in a set. The value of x is determined by a calibration procedure and does not need to be changed unless the magic tee or the directional couplers are changed. The procedure is to adjust the phase difference until 2 is minimised and then adjust one amplitude to further minimise 2 . At this absolute minimum the ratio of 0 to 1 determines x. Typically 2 does not go to zero as might be expected from (4) so an offset correction is made. This offset and the gain coefficient are determined by a regular calibration procedure. Over the nine datasets of Fig. 6 the r.m.s. fluctuation on the magic tee measurement is 37 milli-degrees. A significant part of this is coming from fluctuations on the 1 kHz time scale associated with the repetition rate.
With respect to the DC phase measurement made with the DBM, observation indicates that the voltage output fits a function of the form
where is the mean amplitude of wave returning on the interferometer arms, ΔA is a difference in amplitude corrected for differences in the directional couplers and is an amplifier offset. The equation has four calibration coefficients 1 2 3 and 4 . Over the nine datasets of Fig. 6 the r.m.s. fluctuation on the DC measurement is 32 milli-degrees. For individual datasets the r.m.s. noise is nearer to 25 milli-degrees. As each dataset has 1023 points then considering just ADC errors on the amplitude measurement one would expect that an average over one set would give an approximation of the actual phase that reduces error associated with the DDS by a factor of 30 to the order of 1 milli-degree. This is not the case. The noise does not reduce by a significant amount when the waveguide interferometer is removed and the RF from the source is split and taken directly to the phase measurement board. The main noise source is therefore the measurement electronics.
Control
The National Instruments control system streams data from the PXI 5734 digitizer to a PXIe8820 2.2 GHz Celeron 1020E dual core TTOS processor by means of a PXIe-7961R FPGA module. The drive to the PiezoDrive amplifier is provided by a PXI-6711 analogue output module. This analogue output module also has a digital output used for the PIN diode switch shown in Fig. 5 . Programming has been undertaken in LabVIEW. The code runs with three parallel loops, one for data acquisition, one for control and one for logging data. When full processing of the magic tee and DC data is undertaken in real time then with datasets of 1024 points at 8.333 ns intervals an acquisition rate of 1 kHz is possible. When processing only the IF data an acquisition rate of 4 kHz is possible. A PI controller determines the drive voltage to the actuator to maintain constant phase. Offset for the DC amplifier on the mixer PCB is determined repeatedly by not activating the PIN diode switch during an acquisition period.
As three different measurements of phase are made one has the option to control on any one of them. The preferred choice is the DC measurement as it has the least noise. A proportional integral controller has been used throughout to determine actuator corrections from phase errors. The integral term was chosen so that the system was either critically damped or slightly overdamped. The controller was optimised by applying an abrupt thermal disturbance using a pre-heated source to one arm of the interferometer. Fig. 7 shows control response for very low gain. The acquisition loop speed in this instance was 500 Hz. The heat source is applied at 20 s. Prior to 20 s the waveguide was contracting as a consequence of being cooled following a previous test. After heat is applied the waveguide on one arm expands and the phase error is increasing at about 2 millidegrees per second. The controller responds and takes about 2 min to bring the phase error back to zero. A key feature of this graph are the almost random voltage excursions at about 10 s intervals, the largest occurring at 150 s. This behaviour can be expected from the hysteresis curve of Fig. 4 . The graph shows that the piezo-electric stack can almost arbitrarily change its length by one or two microns when a voltage ramp is being applied. In Fig. 7 the phase error measurement has been averaged over 500 data points corresponding to 1 s so as to give a clear picture of how the phase is changing. Fig. 8 gives the phase error and the control voltage for an identical disturbance to that applied for Fig. 7 and for a gain which was 200 times greater. For this plot the phase error data is averaged over 50 samples corresponding to 0.1 s to highlight noise. This noise drives rapid changes on the control voltage. Fig. 9 gives an expanded view of a 4 s period with no averaging applied to the phase measurement. Phase measurements mostly fall within +∕ − 20 milli-degrees of the zero set point phase. Fig. 10 and Fig. 11 correspond to Figs. 8 and 9 when the gain is reduced from 2 to 0.885. The underlying noise on the phase seems to be reduced to about +∕ − 3 milli-degrees but excursions to +∕ − 20 milli-degrees have a similar frequency. The excursions often correspond to a jump in the control voltage so are likely to be related to hysteresis effects in the actuator.
The observed phase measurement fluctuation associated with data collected for Fig. 10 at 500 Hz with has a predominantly white frequency spectrum to 250 Hz with one significant peak and several smaller peaks. The larger peak is 13 dB and the others are about 3 dB above the white noise. The larger peak is at 30.4 Hz. The observed fluctuations cannot be driven by temperature variation. Mechanical vibration of the waveguide and cables cannot be ruled out as a contributing factor to part of the noise but the main contribution is certain to be electronic noise in the measurement system. On this basis it is reasonable to make a performance claim on an averaged measurement of phase provided the gain is not so high that it amplifies noise.
Stabilisation performance
The target synchronisation performance for the CLIC crab cavity system is +∕ − 20 milli-degrees r.m.s. Performance of the interferometer was assessed by monitoring phase over periods of several hours and without deliberately applying any disturbance. The interferometer of Fig. 5 was laid out on the floor of a laboratory area. The length of each arm was just over 2 m. Both arms included an E-plane bend so that the moveable shorts were vertical. One arm included an H-bend so the interferometer could fit in a corner. For these tests the data acquisition was run at 400 Hz. Data was recorded at 20 Hz and for each period the maximum, minimum and average phase was recorded. It follows that the average is over 20 data points during a 50 ms period. Fig. 12 gives that data for a 20 min period in the evening as the laboratory was cooling. Fig. 13 gives the associated voltage applied to the phase shifter to correct the waveguide length. The average phase quoted as a 50 ms mean is the important figure of merit for stabilisation as frequencies higher than 20 Hz are expected to be associated with electronic noise rather than mechanical noise and thermal expansion in the waveguide. The maxima and minima correspond to the most extreme individual measurement during the 50 ms period.
The full dataset from which Figs. 12 and 13 have been created continues for a further 20 min. The un-plotted data looks similar. The complete data set has 50 600 rows. The standard deviation of the 50 ms means was 2.43 milli-degrees. This number should be compared with the requirement of +∕ − 20 milli-degrees r.m.s. From the full dataset none of the 50 ms means differed by more than 30 millidegrees from zero and only 0.35% differed by more than 10 millidegrees from zero. Deviations greater that 10 milli-degrees occurred in 21 sharp disturbances lasting typically less than one second. This test was performed without environmental monitoring hence the nature disturbance at 400 s is unknown.
The control response has an upward trend with jumps that are not mirrored in the phase error. These are dues to hysteresis jumps in the dimensions of the piezo actuator. The actuator spontaneously changes it dimension as charge re-arranges itself, the controller must then change the voltage abruptly to bring the actuator back to its previous dimension. 
Conclusions and discussion
A scheme for synchronising the CLIC crab cavities has been set out requiring the operation of a waveguide interferometer at 12 GHz. A prototype system has been established and operated at low power levels in a laboratory location. Phase control at a level better than 20 millidegrees r.m.s. has been demonstrated as would be required for CLIC. Determination of ultimate performance was limited by the ability to make accurate repeatable phase measurement better than this value on a very short timescale. Making assumptions on the timescale over which the waveguide can change it phase thereby allowing average phase measurements to be assumed, then control was at a level several times better than the CLIC specification.
Operation of the interferometer in an environmental chamber using higher power levels and longer waveguide arms is being planned. The electromagnetic design of the piezo actuated phase shifter is such that operation at the required power level of 20 MW is possible. The phase shifter fabricated for these tests was only suitable for low power operation. As the CLIC accelerator technology development program requires power levels up to 100 MW a new type of phase shifter is being developed and this new design is expected to be used in future experiments.
